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Abstract   Contamination in  marine  foodwebs is  nowa- 
days   of   great   environmental   concern   owing   to   the 
increasing levels of pollution in marine ecosystems from 
different anthropogenic sources. Seabirds can be used as 
indicators of regional contaminant patterns across large 
temporal and spatial scales. We analysed Hg, Se and Pb 
levels as well as stable isotope ratios of C (13C/12C, d13C) 
and N (15N/14N, d15N) in breeding- and winter-season 
feathers on males and females of two related shearwater 
species, providing information on spatiotemporal patterns 
of contaminants as well as the influence of the trophic 
ecology of these seabirds on contaminant levels. During the 
breeding season, Se and Pb concentrations were highest at 
the  Cape  Verde  archipelago,  showing  no  differences 
among the other colonies or between the sexes. However, 
Hg levels varied among colonies, being highest in the 
Mediterranean, probably resulting from the larger emis- 
sions  and  fallout  of  this  pollutant  in  Europe.  Feathers 
 
 
Xavier Ruiz: deceased 27 April 2008. 
grown during breeding also showed sexual differences in 
Hg concentrations and d13C. Differences in Hg concen- 
tration between sexes are mainly due to egg-laying 
decontamination in females. In contrast, differences in Hg 
among colonies are probably related to differences in 
trophic ecology, as indicated by d13C and d15N measure- 
ments. Contaminant concentrations in winter-grown 
feathers did not show any relationship with stable isotope 
values but were affected by contaminant loads associated 
with the breeding season. These findings suggest that the 
interpretation of contaminant levels of migratory species 
from feathers moulted out of the breeding season should be 
made with caution because those values could reflect 
exposures to contaminants acquired during the breeding 
season. We conclude that factors other than feeding ecol- 
ogy may play an important role in the interpretation of 
contaminant levels and their annual dynamics at several 
spatial scales. Consideration of the relevant temporal 
context provided by isotopic signatures and contaminant 
concentrations  is  important  in  deciphering  contaminant 
   information based on various tissues. 
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Introduction 
 
Oceans are increasingly becoming a repository for 
anthropogenic pollutants from aerial and aquatic sources 
and these are ultimately incorporated into the tissues of 
marine biota. Contamination discharges, however, are not 
spatially uniform and spatial differences in contaminant 
levels of marine organisms have been difficult to study 
  
 
 
 
 
because species composition also changes across ocean 
regions (e.g. Cherel and Hobson 2007). Pelagic seabirds 
can help us to understand spatiotemporal dynamics of 
pollutants because many species have vast breeding dis- 
tributions and undergo long-distance migrations. Thus, 
these traits provide opportunities to compare pollutant 
levels among remote populations as well as between 
breeding and wintering areas. In addition, since pelagic 
seabirds cover huge areas while foraging, they are rela- 
tively insensitive to local sources of pollutants and thus 
become excellent bioaccumulative integrators of baseline 
levels (Walsh 1990; Gonza´lez-Solı´s et al. 2002). 
In seabirds, several factors can contribute to body bur- 
dens of heavy metals, such as foraging area, dietary 
preferences, breeding and moult schedules, migratory 
habits, body size, and taxonomic influences on metabolism 
(Walsh 1990; Monteiro and Furness 1995). Among them, 
differences in feeding ecology have been reported as some 
of the most important factors explaining differences in 
contaminant levels among individuals of the same species 
(Gonza´lez-Solı´s et  al.  2002),  among  localities  (Sanpera 
et al. 2000), and also among species (Monteiro et al. 1999; 
Gonza´lez-Solı´s et al. 2002). Indeed, many seabird species 
occur at high trophic levels in marine foodwebs, which 
make seabirds useful indicators of biomagnification pro- 
cesses of some pollutants, such as Hg (e.g. Honda et al. 
1987). However, relationships among pollutants and feed- 
ing ecology are difficult to establish because conventional 
dietary studies suffer from several drawbacks including 
analytical biases and difficulty of access to birds during 
winter (Gonza´lez-Solı´s et al. 1997). In this respect, stable 
isotope ratios of N (15N/14N, d15N) and C (13C/12C, d13C) 
open new opportunities to explore relationships between 
feeding ecology and heavy metal burdens (Forero and 
Hobson 2003; Sanpera et al. 2007). Consumers are typi- 
cally  enriched  in  15N  relative  to  their  food  and 
consequently d15N  measurements are  indicators of their 
diet and trophic position (e.g. Forero et al. 2004). By 
contrast, d13C values are used primarily to determine 
sources of primary production supporting foodweb com- 
ponents  (Kelly  2000);  indicating  in  the  marine 
environment, inshore versus offshore, or pelagic versus 
benthic contribution to food intake (Hobson et al. 1994). 
However, despite the growing number of studies 
describing heavy metal levels and stable isotope abundance 
in seabirds (Atwell et al. 1998; Bearhop et al. 2000), few 
papers combine analyses of both to tackle spatial and 
seasonal variation  in  metal  burdens and  its  relationship 
with variability in feeding ecology (but see Nisbet et al. 
2002; Sanpera et al. 2007). Analyses of both stable isotopes 
and contaminant levels in feathers are particularly appro- 
priate for this objective in those species for which main 
moult pattern and time of feather formation are known. 
Once formed, feathers become chemically inert, and thus 
their biogeochemical composition reflects metals and iso- 
topes incorporated during growth. If moulting patterns are 
known, feathers can be sampled at any time of the year to 
examine feeding habits and heavy metal intake in specific 
time periods and colonies (Hobson 1999). At least for Hg, 
plumage has greater levels than other tissues (Thompson 
et al. 1990), feather growth being the major eliminatory 
pathway of that heavy metal in birds (Monteiro and Fur- 
ness 1995). However, while dietary elements, and so their 
stable isotope signatures, are thought to be promptly routed 
to  growing feathers, heavy metal  dynamics seem to  be 
more complex and feathers may not accurately reflect 
contaminant loads during the time of growth (Thompson 
et al. 1998a). 
In this study we analysed Hg, Se and Pb concentrations 
and d13C  and d15N  values in feathers from three related 
taxa of shearwater, the Mediterranean Cory’s shearwater 
Calonectris diomedea diomedea, the Atlantic Cory’s 
shearwater Calonectris diomedea borealis, and Cape Verde 
shearwater Calonectris edwardsii, breeding in the Medi- 
terranean, the northeast Atlantic and the Cape Verde 
archipelago, respectively. We sampled birds from the 
Chafarinas, Azores, Canary and Cape Verde archipelagos 
and analysed contaminants and stable isotopes in the first 
primary feathers (P1) and the eighth secondary feathers 
(S8), which are thought to be grown at the breeding and 
wintering grounds, respectively (Ramos et al. 2008). With 
this sampling strategy we aimed to: (1) explore the geo- 
graphic variability in heavy metals of shearwater feathers 
from four remote archipelagos and relate them to the 
geographic differences in emissions and discharges of these 
elements; (2) relate interspecific, sexual and individual 
differences in heavy metal levels to the trophic ecology of 
the Calonectris shearwaters, as shown by d15N values; and 
(3) to study the dynamics of stable isotopes and heavy 
metals deposited in feathers by comparing feathers grown 
in breeding and wintering areas. 
 
 
 
Materials and methods 
 
Study species, study area and sampling strategy 
 
Cory’s shearwater C. diomedea is formed by two subspe- 
cies, C. d. diomedea breeding on islands in the 
Mediterranean, and C. d. borealis which breeds in the 
northeast Atlantic, from the Azores to the Canary archi- 
pelagos. The Cape Verde shearwater C. edwardsii, once 
considered a subspecies of Cory’s shearwater, has recently 
been split off and it is currently considered as an endemic 
species of the Cape Verde Archipelago (Hazevoet 1995; 
Go´ mez-Dı´az et al. 2006). This study included four different 
    
 
 
 
 
archipelagos: Chafarinas, Azores, Canary and Cape Verde 
Islands  (Is.)  (Fig. 1).  The  Chafarinas Is.  are  located  at 
4.5 km off the Moroccan Mediterranean coast (35°110 N, 
3°460 E); Azores Is. at the North-Mid Atlantic Ocean (36– 
39°N, 25–31°W), about 1,500 km west from the coast of 
Portugal;  the  Canary  Is..  are  about  120 km  from  the 
northwest  African  coast  (27–29°N,  13–18°W);  and  the 
Cape Verde Is. are located 500 km off the western coast of 
Senegal (15–17°N, 23–25°W). 
During the early breeding season of 2001, when adults 
were incubating eggs, we collected the P1 and S8 from 22 
to 35 adult shearwaters at each locality (total n = 118). 
Cory’s and Cape Verde shearwater moult P1 at the end of 
chick-rearing period, before departing from the breeding 
grounds to the wintering areas (personal observation; 
Monteiro and Furness 1996). Thus, since feathers were 
collected during the breeding period of 2001, the P1 was 
assumed to reflect dietary intake at the end of the 2000 
breeding period. A recent study on moulting patterns of 
secondary feathers in Cory’s shearwaters showed some 
birds may start moulting S8 around the breeding colony 
just before migration (Ramos et al. 2008). However, that 
study was based on specimens accidentally caught in 
longliners and probably include non-breeders, which are 
known to moult earlier than breeders (Edwards 2008). The 
present study only includes breeding birds, and therefore 
S8 is expected to be moulted on the wintering grounds. In 
addition to feathers, 0.5 ml blood was taken from the foot 
vein for further molecular sexing of individuals as descri- 
bed by Ellegren et al. (1996) (primers: 2550F and 2718R). 
 
Sample preparation and laboratory analyses 
 
At the laboratory, feathers were washed in a 0.25 M NaOH 
solution, rinsed thoroughly in distilled water to remove any 
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Mediterranean 
surface contamination, dried in an oven at 60°C to constant 
mass, and ground to a fine powder in a freezer mill (Spex 
Certiprep 6750; Spex, Metuchen, N.J.) operating at liquid 
N temperature. For stable isotope analyses, a subsample of 
0.4 mg feather powder was weighed to the nearest micro- 
gram, placed into tin capsules and crimped for combustion. 
Samples were oxidized in a Flash EA1112 coupled to a 
stable  isotope  mass  spectrometer  (Delta  C)  through  a 
Conflo III interface (ThermoFinnigan, Bremen, Germany), 
where the d15N and d13C values were determined. Isotope 
ratios are expressed conventionally as d values in parts per 
thousand (%) according to the following equation: 
dX ¼ 
..
Rsample =Rstandard 
. 
— 1
. 
× 1000 
 
where X (%)  is 13C  or 15N  and R is the corresponding 
ratio (13C/12C  or 15N/14N),  related to the standard values. 
Rstandard for 13C is Pee Dee belemnite and for 15N is 
atmospheric N (AIR). Isotopic ratio mass spectrometry 
facility at the Serveis Cientı´fico-Te`cnics of University of 
Barcelona applies international standards (IAEA CH7, 
IAEA CH6  and USGS 24 for C and IAEA N1, IAEA N2 
and  IAEA  NO3    for  N)  inserted  every  12  samples  to 
calibrate  the  system and compensate for any drift over 
time. Replicate assays of standard materials indicated 
measurement errors of ±0.1 and ±0.2% for C and N, 
respectively, but these are likely underestimates of true 
measurement error for complex organics like feathers. 
To determine concentrations of Pb, Hg and Se, 50 mg 
feather powder was digested in 1 ml HNO3  (69–70%) and 
0.5 ml H2O2  (30%) using Teflon bombs for 12 h at 60°C. 
The result of the digestion was diluted into 7 ml distilled 
water. Analyses were performed using an ICP-OES 
(Optima 3200 RL; Perkin Elmer, Norwalk, Conn.). Accu- 
racy of analysis was checked by measuring certified 
reference material (human hair CRM 397; Community 
Bureau of Reference, Commission of the European Com- 
munity). To check the reproducibility of the procedure, we 
included sample replicates as well as negative controls in 
each set of samples analysed. 
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Statistical analyses 
 
Distributions of d13C, d15N, Se, Pb and Hg values parti- 
tioned by colony were inspected with a Q–Q plot analysis 
and tested for normality. Then, Se, Pb and Hg concentra- 
tion values were log transformed to reach normality. 
Analyses of variability of contaminants and stable isotopes 
at breeding and wintering grounds were performed by 
applying separated generalized linear mixed models 
(GLMM; Littell et al. 1996). Species identity was treated as 
-20° 5° 
 
Fig. 1  Location of the studied area. Asterisks indicate archipelagos 
where samples were taken (original illustration from Ole Krogh) 
a random term in the GLMMs using SAS Macro program 
GLIMMIX (Littell et al. 1996). When each contaminant 
level during breeding (measured in P1) was the response 
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variable we tested the main effects and interactions of 
breeding colony, sex and stable isotopes (as an estimation 
of feeding ecology during breeding). When response vari- 
ables were levels of contaminants during winter (measured 
in S8), we also considered the potential effect of breeding 
colony,  sex,  stable  isotope  signatures  at  wintering  and 
levels of stable isotopes and contaminants at breeding 
grounds (measured in P1). Contaminant levels in P1 were 
fitted to control for the potential effects of the accumula- 
tion  of  heavy  elements  during the  breeding season but 
being excreted at a later stage (i.e. throughout the winter 
moult period). All main effects of the explanatory variables 
and their interactions were also fitted to the observed data. 
For a better understanding of the influence of feeding 
ecology on contaminant levels in our study species, the 
same statistical procedure was used to analyse variability in 
stable isotope values at breeding and wintering grounds. In 
addition to the random effect of species, breeding colony, 
sex and their interaction were fitted to the observed stable 
isotope values. Stable isotope values of P1 were also fitted 
in the models for d15N and d13C values in S8. In all cases, 
the  final selected  model  was  built  following a  forward 
stepwise procedure which includes only the significant 
effects retained. 
 
 
Results 
 
Breeding season 
 
Considering levels of Hg in P1, and after controlling for 
species, the GLMM explained up to 64.2% of the initial 
variance and included three main explanatory variables: 
d15N in P1 (F1,91 = 18.6, P \ 0.0001), sex (F1,91 = 12.7, 
P = 0.0006),    and    breeding    colony    (F3,91 = 46.83, 
P \ 0.0001).  Males  exhibited  higher  levels  of  Hg  than 
females (Fig. 2). Differences among colonies were mainly 
caused by the highest and lowest values of Hg at the 
Chafarinas  and  Cape  Verde  Is.,  respectively  (Fig. 2a). 
Levels of Hg were positively related to d15N value (Fig. 3). 
The best-fit models for Se and Pb burdens during breeding 
explained 48.1 and 35.9% of the initial variation, respec- 
tively, and only retained the significant effect of breeding 
colony (Se, F3,112 = 24.59, P \ 0.0001; Pb, F3,112 = 20.92, 
 
 
Fig. 2  Mean and 95% intervals 
of confidence (IC) of pollutant 
concentrations (a Hg, b Se, 
c Pb) and stable C (d) and N 
isotope (e) in first primary 
(P1; filled symbols) and eighth 
secondary feathers (S8; empty 
symbols) of Cape Verde and 
Cory’s shearwaters [Cape Verde 
(CV; triangles), Azores Is. 
(A; diamonds), Canary Is. 
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  Chafarinas Is. r =0.600 
Azores Is. r =0.326 
were significantly and positively affected by their respec- 
tive  values  in  P1  during  breeding  (Hg,  F1,110 = 12.92, 
P = 0.0005;  Se,  F1,99 = 8.19,  P = 0.005;  Pb,  F1,111 = 
42.85,  P \ 0.0001).  In  addition,  colony  also  influenced 
levels   of   Hg   (F3,110 = 19.12,   P \ 0.0001)   and   Se 
(F3,99 = 2.90,  P = 0.04)  during  winter:  individuals  that 
bred at Cape Verde and the Chafarinas showed the lowest 
levels of Hg and Se during winter, respectively (Fig. 2a, b). 
Finally, levels of Se were negatively affected by the d15N 
value in S8 (F1,99 = 10.85, P = 0.00014). 
When analysing variability in feeding ecology during 
winter, we did not find any significant effect of the 
explanatory variables on feather d15N  values, after con- 
  Canary Is. r =0.464 trolling for species. The GLMM for feather d13C explained 
3.00   Cape Verde  r =0.465 
 
10 11 12 13 14 15 
15N in P1 feather (‰) 
36.4% of the original deviance and showed that its vari- 
ability during winter was explained by d13C values of P1 
(F1,104 = 7.73,  P = 0.0064)  and   colony  (F3,104 = 5.09, 
P = 0.0025). Effect of d13C values of P1 was only due to Fig. 3  Relationship between stable N isotope and Hg concentration 
in P1. Linear regressions are shown for each breeding locality 
separately: Cape Verde (triangles), Azores Is. (diamonds), Canary Is. 
(squares) and Chafarinas Is. (circles). Males represented by filled 
symbols and females by empty symbols 
 
 
P \ 0.0001). Effect of breeding colony was explained by 
the elevated values of Se and Pb in individuals from the 
Cape Verde archipelago, whereas values for the rest of the 
localities were similar (Fig. 2b, c). 
Regarding stable isotopes during breeding, variability in 
d13C values (range: -18.5 to -12.4 %) was larger than in 
d15N values (range: 10.5–14.7 %). After controlling for 
species, models explained 80.1 and 45.0% of the original 
deviance in d13C and d15N, respectively. Both models 
included   the   significant   effect   of   breeding   colony 
(d13C,  F3,95 = 119.86, P \ 0.0001; d15N,  F3,106 = 19.85, 
P \ 0.0001). All colonies differed in their d13C  values: 
individuals from the Canary Is. showed the highest d13C 
values, whereas those from the Chafarinas showed the 
lowest (Fig. 2d). Birds from the Azores and Canary Is. 
presented higher d15N values than individuals from the 
Chafarinas and Cape Verde Is. (Fig. 2e). During breeding, 
males showed consistently higher values of stable d15N and 
d13C values than females. However, sex was only signifi- 
cantly retained in the model of d13C values (F1,95 = 4.55, 
P = 0.03;  Fig. 2d),  being  marginally  non-significant for 
d15N values (F1,95 = 3.00, P = 0.09). 
 
Wintering season 
 
Results of the GLMM showed different effects of the 
explanatory variables on levels of contaminants during 
winter (measured in S8), explaining 52.8, 21.9 and 37.2%, 
respectively, for Hg, Se and Pb. In the three models, and 
after controlling for species, levels of contaminants in S8 
the positive correlation between d13C values of P1 and S8 
at the Canary archipelago (Fig. 4). In addition, high d13C 
values of individuals that bred at this archipelago (Fig. 2d) 
explained the significance of breeding colony. 
 
 
 
Discussion 
 
Differences in Hg, Se and Pb among colonies and sexes 
 
Although contaminant levels of the sampled colonies dif- 
fered, they were generally similar to those previously 
reported for Cory’s shearwater throughout the Mediterra- 
nean and Mid Atlantic Ocean (Renzoni et al. 1986; Monteiro 
et al. 1999). In particular, Monteiro et al. (1999) reported 
body feather Hg concentrations of Cory’s shearwaters from 
several Mid-Atlantic colonies sampled in 1993–1995 rang- 
ing between 3.54 and 3.85 ng g-1, which are close to the 
results we found for this area. Thus, in spite of the current 
environmental concern about the increasing oceanic pollu- 
tion from anthropogenic sources, we found heavy metal and 
Se levels in seabird feathers not greater than those previ- 
ously reported a decade ago (Thompson et al. 1992; Elliott 
et al. 1992; Sanpera et al. 2000; Arcos et al. 2002). 
Our results corroborate the importance of understanding 
excretion routes to evaluate contaminant concentrations in 
marine organisms. Hg presented a more complex dynamic 
than Se and Pb, as shown by its additional association with 
stable isotope signatures and by the differences in levels 
between sexes. Dissociation between stable isotope signa- 
tures and Se or Pb levels could result from stable isotopes 
being deposited through dietary intake, whereas Se and Pb 
could have been deposited directly from the atmosphere 
onto the  bird plumage (Rose and Parker 1982; Furness 
1993). A number of studies with terrestrial birds reported 
    
 
 
that Pb levels increase as feathers age or are more exposed 
than those lying under other plumage (e.g. Hahn 1991). 
Although Se may also deposit onto feather surfaces, it may 
originate from preen oils as well (Goede 1991). In contrast, 
Hg in feathers comes from diet because it occurs in the 
methyl-Hg form, whereas elemental and inorganic Hg are 
highly volatile and do not deposit onto feather surfaces 
(Thompson and Furness 1989). Alternatively, the lack of 
association of Se and Pb levels with stable isotopes could 
simply be due to different Se and Pb baseline levels among 
local foodwebs. A significant effect of breeding colony on 
Se and Pb concentrations in P1 was due to the high values 
of these elements in shearwaters from Cape Verde, which 
probably resulted from greater baseline levels of these two 
elements in this area. In fact, a much greater particulate Pb 
concentration in surface seawater around Cape Verde than 
around the Canary or Azores archipelagos was reported 
from a cruise in the Atlantic Ocean (Helmers 1996). 
Likewise, in a cruise transect between the Azores and Cape 
Verde, the total dissolved Se only varied slightly in surface 
waters but was significantly greater in deep waters around 
the Cape Verde archipelago (Cutter and Cutter 1995). Both 
studies concluded that concentrations of Pb and Se were 
mainly affected by local inputs from upwelling and atmo- 
spheric deposition, supporting the importance of baseline 
levels as a major factor influencing the dynamics of these 
two elements in local foodwebs. In the case of Hg, the 
highest levels were found in individuals from the Medi- 
terranean colony (Chafarinas Is.; Fig. 2a). This result is 
probably related to the emissions and discharges of this 
pollutant in Europe, generating a relatively high Hg levels 
in the Mediterranean compared to the Atlantic, as previ- 
ously reported in a number of studies on several top 
predators species (Renzoni et al. 1986; Andre et al. 1991; 
Lahaye et al. 2006). On the other hand, the greater levels of 
Hg  and  d15N  values  found  in  the  Azores  and  Canary 
shearwaters compared to Cape Verde shearwaters suggest a 
geographic variation in baseline isotopic and contaminant 
levels. A differential use of fishery discards may also 
explain some differences, since discarded mesopelagic fish 
show greater Hg burden than the readily accessible epi- 
pelagic fish (Thompson et al. 1998b). However, in this case 
shearwaters from the Canary Is. should show greater Hg 
levels than those from the Azores due to their proximity to 
the trawler fleet operating on the western Africa continental 
shelf, but this was not the case. 
In addition to the Hg variability associated with differ- 
ences in d15N values among colonies, levels of Hg during 
breeding were also associated with individual d15N values 
within  each  locality  (Fig. 3).  This  result  indicated  that 
biomagnification processes not only occur across species 
through the foodweb (e.g. Honda et al. 1987), but also 
among individuals at the intraspecific level. 
The importance of excretion routes for the Hg concen- 
tration was further corroborated by sexual differences in 
isotopic signatures and Hg concentration. Male shearwaters 
showed slightly but significantly higher levels of Hg than 
females, consistent throughout the four studied colonies 
(Fig. 2a), even when accounting for potential differences in 
the trophic levels of the prey consumed by males and 
females, as indicated by the d15N values. This result agrees 
with some seabird studies, which also reported sexual 
differences in Hg levels in wing feathers (Braune and 
Gaskin 1987; Lewis et al. 1993), and probably reflects the 
different excretion opportunities of males and females. The 
main excretion route for both sexes is the deposition of Hg 
into   feathers   during   moulting   periods.   Nevertheless, 
females have an additional route due to the potential to 
excrete Hg into the eggs between moulting periods (Becker 
1992; Lewis et al. 1993; Monteiro and Furness 1995), 
which  could  further  deplete  their  Hg  levels  relative  to 
males (see Lewis and Furness 1993). Sexual differences in 
Hg levels could also be partly amplified by the slightly 
greater trophic level of males, as indicated by their greater 
d15N values, although differences in d15N values between 
sexes were not significant (P = 0.09, Fig. 2e). Sexual size 
dimorphism in these species is relatively small, with males 
being only 5–9% greater in bill and 9–10% greater in body 
mass than females (Thibault et al. 1997; Go´ mez-Dı´az and 
Gonza´lez-Solı´s 2007; Navarro et al. 2008). Nevertheless, 
the slightly larger size of males may also confer access to 
slightly larger prey (see Bearhop et al. 2006) with both 
greater d15N values and greater Hg content (Braune 1987; 
Monteiro et al. 1992; Badalamenti et al. 2002; Cherel and 
Hobson 2005). 
Feathers moulted in winter showed a general decrease in 
Hg and Se concentrations and similar levels of Pb coupled 
with a carry-over effect from concentrations accumulated 
during the breeding period (Fig. 2a–c). On one hand, the 
decrease in Hg and Se concentrations can be explained by 
the moult of flight feathers which is a continuous and steady 
process from the first moulted feather (i.e. P1) until all flight 
feathers are replaced. Consequently, birds excrete more 
metals in the first moulted feather compared with sub- 
sequent feathers (i.e. eighth secondary) (Braune and Gaskin 
1987; Walsh 1990). On the other hand, the carry-over effect 
is interesting because it shows the complex dynamics of Hg, 
Se and Pb. That is, their concentrations in feathers grown at 
their winter quarters (eighth secondary) were partly 
explained by concentrations of feathers grown at the 
breeding grounds (P1). In consequence, contaminant levels 
of migratory species from feathers moulted out of the 
breeding season should be interpreted with caution because 
these values could reflect exposure to contaminants during 
the breeding season, and vice versa (see Thompson et al. 
1992).  Therefore,  a  fraction  of  contaminant  burdens in 
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feathers has an endogenous origin, i.e. it is partially mobi- 
lized from various organs in which metals are stored (Goede 
1991;  Furness  1993).  The  deposition  of  contaminants 
acquired at breeding grounds on feathers grown out of the 
breeding period may be particularly important in procel- 
lariiform species, because they show long breeding seasons 
and relatively  short wintering periods (Thompson et  al. 
1998a; Monteiro et al. 1999). For example, on average, 
Cory’s shearwater spends 243 days at the breeding grounds, 
80 days on the wintering grounds and 42 days travelling 
between the two areas (Gonza´lez-Solı´s et al. 2007). Alter- 
natively to the carry-over effect, it is also possible that slight 
individual differences in physiology affect equally the 
efficiency with which birds excrete pollutants into the 
feathers  throughout the  moult  sequence (Bearhop et  al. 
2000). However, such differences in individual physiology 
are  generally  considered irrelevant  in  influencing intra- 
specific  variability   in   tissue   pollutant   concentrations 
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(Becker et al. 2002; Nisbet et al. 2002). In addition, indi- 
vidual dietary specialisation could also explain an effect of 
contaminant levels during breeding on winter feathers. 
However, in that case it should be also observed in stable 
isotope levels, but in the present study d15N signatures did 
not show any correlation between P1 and S8. Therefore, it 
seems reasonable to rule out any possible trophic reason for 
this phenomenon. Another possible explanation was that 
concentrations of Hg, Se and Pb in the eighth secondary 
feather could also result from this feather being moulted at 
the breeding instead of the wintering grounds. It has been 
shown that some Cory’s shearwaters moulting S8 before 
migration (Ramos et al. 2008). Although these birds are 
probably nonbreeders, this possibility cannot be completely 
discounted, but results from stable isotope analyses suggest 
otherwise. Whereas breeding colony was a significant factor 
explaining d15N values in P1, it was not significant for d15N 
in S8, suggesting that the signal of breeding colony vanishes 
because birds mix in several wintering areas where they 
grow the eighth secondary feathers. In the case of d13C 
values, breeding colony and P1 d13C values were significant 
factors for d13C in S8. However, this model explained much 
less variance (31.7%) than the model for d13C values of P1 
(80.1%), suggesting rather weak effects of breeding colony 
on wintering d13C values. In fact, the influence of the 
breeding colony and the positive effect of d13C in P1 on 
d13C values of S8 mainly resulted from birds breeding at the 
Canary Is. (Fig. 4). This relationship could be explained 
because some birds from this breeding colony seem to 
winter on the Sahara shelf (Gonza´lez-Solı´s et al. 2007), the 
same area where they feed during the breeding season (see 
below). Thus, in contrast to the endogenous origin of Se, Pb 
and Hg burdens, stable isotope signatures of feathers reflect 
an exogenous origin, i.e. they are promptly routed to 
feathers when growing (Hobson 1999). 
Fig. 4  Relationship between stable C isotopes for P1 and S8 are 
shown separately for each colony [Cape Verde (triangles), Azores Is. 
(diamonds), Canary Is. (squares) and Chafarinas Is. (circles)]. Only 
the regression line of the significant correlation for the colony on the 
Canary Is. is shown. For abbreviations, see Fig. 2 
 
 
Differences in feeding ecology among colonies 
and sexes 
 
Results from stable isotope analyses illustrated differences 
in the feeding ecology among different populations during 
breeding. Stable C isotope values of shearwaters breeding 
at the Canary Is. were higher than those of the other pop- 
ulations (Fig. 2d). Shearwaters breeding at the Canary Is. 
usually forage on the Sahara shelf at only 100–300 km 
from the islands (Navarro and Gonza´lez-Solı´s 2007), 
whereas those breeding at the Azores and Cape Verde Is. 
are expected to feed basically in offshore environments 
during the breeding season (Fig. 1; Magalha˜es et al. 2008). 
These results are therefore in accordance with most liter- 
ature showing that offshore foodwebs have lower d13C 
values than those associated with inshore areas (France 
1995; Hobson et al. 1995). Alternatively, such differences 
in d13C values could be due to a distinct use of fishery 
discards among colonies, since fisheries are mainly domi- 
nated by inshore or on-shelf species with greater d13C 
signatures. Differences in  d13C  values could also result 
from geographical variation in baseline values related to 
latitudinal gradients (Forero et al. 2005; Cherel and Hobson 
2007). Indeed, analyses of feathers throughout most Cal- 
onectris populations in the Atlantic have shown some 
geographical isotope gradients in d13C values, with higher 
values  in  populations  further  south  (Go´ mez-Dı´az  and 
Gonza´lez-Solı´s 2007). However, the Cape Verde archi- 
pelago is further south than the Canary Is. but showed more 
negative values, suggesting that the higher d13C values of 
    
 
 
birds from the Canary Is. cannot be only explained by 
latitudinal gradients. 
Small but consistent differences in d13C values between 
the sexes may result from a vertical or a horizontal gradient 
in foodweb d13C values, indicating respectively, a slightly 
different exploitation of resources along the water column 
or differences in the foraging areas used by males and 
females during the breeding season. Sexual differences in 
d13C values were consistent with both greater Hg concen- 
trations  and  d15N  values  (although P = 0.09)  in  males 
during breeding, as previously found in some size-dimor- 
phic Procellariiformes (Gonza´lez-Solı´s et al. 2000; Phillips 
et al. 2004; Forero et al. 2005; but see Navarro et al. 2008). 
In large- and medium-sized pelagic seabirds, larger body 
size has been related to diving longer and deeper (Wata- 
nuki and Burger 1999; Bearhop et al. 2006) as well as with 
greater wing-loading due to allometric relationships 
(Shaffer et al. 2003), which allows birds to cover longer 
distances in the presence of strong winds, probably leading 
to small differences in the areas exploited by males and 
females. Sexual differences found in both contaminant and 
isotopic levels could be imposed by differential reproduc- 
tive tasks during breeding, and especially during the chick- 
rearing  period  (Granadeiro et  al.  1998),  when  foraging 
areas and resources could be exploited differentially by 
males and females. In fact, a slightly larger use of fishery 
discards by males at this period could explain such higher 
values in both stable isotopes and contaminant concentra- 
tions (Hobson et al. 1994; Thompson et al. 1998b). The 
sex-specific reproductive task hypothesis is supported by 
the fact that sexual differences did not hold for feathers 
grown in winter as there are no reproductive constraints at 
that time. Moreover, the mixing of birds from distant 
breeding colonies with different contaminant burdens into 
different winter areas (Gonza´lez-Solı´s et al. 2007) with 
different baseline heavy metal loads could mask any 
potential sexual differences in feeding ecology occurring in 
winter. 
This study emphasizes that combining contaminant with 
stable isotope analyses provides new insights into the 
dynamics of contaminants in relation to the feeding ecol- 
ogy of marine organisms. Whereas differences in 
background levels among localities and/or deposition 
directly from the atmosphere seem to mostly explain Pb 
and Se concentrations in feathers, the feeding ecology of 
shearwaters played a major role in explaining Hg concen- 
trations.   Furthermore,   sexual   segregation   in   feeding 
ecology and different reproductive constraints between 
males and females also seem to affect Hg concentrations. 
More studies exploring the relationships among stable 
isotope measurements and pollutants would help to eluci- 
date the differential exposure of birds to pollutants in 
relation to their ecology. We also found Hg, Se and Pb 
accumulated in one season could be transferred to feathers 
grown in another season. Future studies using feathers to 
assess the winter contaminant levels in birds with long 
breeding periods should consider the carry-over effects of 
contaminant loads that can occur between seasons. Thus, 
our results also highlight the need to consider the temporal 
context of isotopic signatures versus contaminant levels 
depending on the tissue chosen as well as their endogenous 
(bioaccumulated) or exogenous (dietary) origin. Never- 
theless, for a better understanding of factors and processes 
explaining patterns of stable isotopes and contaminants in 
marine organisms, more detailed studies involving long- 
term monitoring of isotope ratios and contaminant loads or 
complementary approximations (i.e. tracked animals with 
some remote-sensing system) are needed. 
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